The ratio of genetic diversity on X chromosomes relative to autosomes in organisms with XX/XY sex-chromosomes could provide fundamental insight into the process of genome evolution. Here we report this ratio for 24 cynomolgus monkeys (Macaca fascicularis) originating in Indonesia, Malaysia, and the Philippines. The average X/A diversity ratios in these samples was 0.34 and 0.20 in the Indonesian-Malaysian and Philippine populations, respectively, considerably lower than the null expectation of 0.75. A Philippine population supposed to derive from an ancestral population by founding events showed a significantly lower ratio than the parental population, suggesting a demographic effect for the reduction. Taking sex-specific mutation rate bias and demographic effect into account, expected X/A diversity ratios generated by computer simulations roughly agreed with the observed data in the intergenic regions. In contrast, silent sites in genic regions on X chromosomes showed strong reduction in genetic diversity and the observed X/A diversity ratio in the genic regions cannot be explained by mutation rate bias and demography, indicating that natural selection also reduces the level of polymorphism near genes. Whole-genome analysis of a female cynomolgus monkey also supported the notion of stronger reduction of genetic diversity near genes on the X chromosome.
Introduction
Contrasting the pattern of molecular evolution and genetic diversity on autosomes and sex chromosomes provides evolutionary insights into the organization of genomes (reviewed in (VICOSO and CHARLESWORTH 2006) ). The different level of genetic diversity between autosomes and X chromosomes in organisms with mammalian-like sex determination systems (XX/XY system) is a debated issue (ANDOLFATTO 2001; HAMMER et al. 2008; HAMMER et al. 2010 ; KEINAN et al. 2009; VICOSO and CHARLESWORTH 2006) . Although the ratio of X to autosomal genetic diversity (X/A diversity ratio) is expected to be 0.75 under "idealized" population genetic processes in the XX/XY system, many evolutionary factors influence the ratio. These factors include natural selection, demography, sex-biased reproductive success, sex-biased migration rate, and male/female mutation rate differences (reviewed in (CABALLERO 1994; VICOSO and CHARLESWORTH 2006) ). For example, natural selection (both positive and negative selection) could reduce genetic diversity on functional sites and linked neutral sites; the magnitude of the effect depends on many factors, such as effective population size, strength of selection (selection and dominance coefficients), and recombination rate (CHARLESWORTH 2012) . Those effects could be different between autosomes and the X chromosome and potentially increase or decrease the X/A diversity ratio (BEGUN and WHITLEY 2000; VICOSO and CHARLESWORTH 2009 ).
Selection-free processes such as demography could also drastically change the ratio. Previous theoretical studies showed that the ratio would increase after a population expansion and decrease after a population reduction or bottleneck (POOL and NIELSEN 2007; POOL and NIELSEN 2008) .
Similarly, the ratio would also decrease when the mutation rate per generation is higher in males than in females, presumably owing to more germ line cell divisions in males than in females, an effect known as male-driven molecular evolution (MIYATA et al. 1987) . Because so many factors could bias the X/A diversity ratio, it is often challenging to find the actual cause of bias.
The estimates on the X/A genetic diversity ratios in humans have been conflicting among studies, crossing the boundary of the neutral expectation of 0.75, after controlling mutation rate bias (BUSTAMANTE and RAMACHANDRAN 2009; HAMMER et al. 2008; KEINAN et al. 2009 ). In non-human primates, however, some studies have reported much lower ratios. For example, a recent genome-wide resequencing study in central chimpanzees (Pan troglodytes) found a ratio of near 0.5 (HVILSOM et al. 2012) . A similar ratio was observed in Chinese and Indian rhesus macaques (Macaca mulatta), using shotgun sequencing data (GIBBS et al. 2007) . Hvilsom et al. (HVILSOM et al. 2012) proposed a larger effective population size in chimpanzees than that in humans may have led the low X/A diversity ratio because of strong natural selection in chimpanzees. In other primate studies, the results were mixed; an analysis by Pool and Nielsen showed that the ratios were higher than 0.75 in presumably parental populations of humans, chimpanzees, and orangutans, whereas derived populations, which are supposed to have emerged from parental populations, showed X/A diversity ratios below 0.75 (POOL and NIELSEN 2007) . On the other hand, a study of bonobo (Pan paniscus) population genomics showed the ratio was significantly higher than 0.75, which might be due to high reproductive variance in bonobo males (PRUFER et al. 2012) .
Because the previous estimate in macaques was based on shotgun sequencing, for which the error rate is relatively higher than that for individual resequencing, data estimated by resequencing methods would be helpful for a comparison of evolutionary processes between humans and non-human primates. Moreover, multiple factors such as demography and natural selection have not been evaluated in a single study. In particular, the estimation of genetic diversity is strongly affected by random genetic drift, which could increase the variance of the diversity ratios without any biological mechanisms and makes it difficult to evaluate the statistical significance of findings. To overcome the problem, we employed coalescent simulation, which is an effective way to control such a stochastic effect.
In a previous study we have sequenced autosomal regions of 24 cynomolgus monkeys (Macaca fascicularis) originating in Indonesia, Malaysia, and the Philippines, and quantified the genetic diversity in these populations at the single-nucleotide polymorphism (SNP) level for autosomal 27 coding sequence (CDS) and 27 intergenic sequence (IGS) regions (OSADA et al. 2010) . The study showed strong genetic differentiation between the Indonesian-Malaysian populations and Philippine populations, but almost no genetic differentiation between the Indonesian and Malaysian populations.
Whereas the Indonesian-Malaysian population showed negatively skewed Tajima's D statistics, the Tajima's D statistics in the Philippine population was highly skewed toward positive values, suggesting population expansion in the Indonesian-Malaysian population and population contraction in the Philippine population (OSADA et al. 2010) . The average autosomal genetic diversity in the IGS regions among those macaques was around 0.35%, which was much higher than that among humans (Table 1) . We sequenced 10 additional X-chromosomal loci to investigate the level of genetic diversity at sex-linked loci in non-human primates, and found that the X/A diversity in macaques is lower than that previously reported for primates. We evaluate and discuss the potential causes of the strong reduction of X chromosome diversity in macaques.
Materials and Methods

DNA Samples
Blood sample was obtained from adult M. fascicularis individuals who were bred and raised at Tsukuba Primate Research Center, National Institute of Biomedical Innovation (NIBIO). All individuals are F1 crosses of macaques captured. Briefly, three different breeding subpopulations were organized according to the country of origin: Malaysian, Indonesian, and the Philippine subpopulations. Each subpopulation consists of about 18 male and 180 female feral M. fascicularis that were imported from 1978 to 1980. Mating pairs were selected from the same breeding subpopulation to maintain the gene pool of each founder population. For avoiding inbreeding, mating pairs were set between males and females belonging to different import lots (HONJO et al. 1984) . Precise sampling location of the Indonesian and Philippine individuals are unknown except for Malaysian individuals, which were captured at the south of Kuala Lumpur. They were housed in indoor individual cages under constant conditions at temperature of 25+2 °C and humidity of 50+5%.
Monkeys were cared for and treated humanely in accordance with the Guiding Principles for Animal Experiments using Non-human Primates formulated by the Primate Society of Japan and with the guidelines provided by the Animal Care and Use Committee of NIBIO. A regular health check was done once in a year and five ml of blood was drawn from saphenous vein under Ketamine anesthesia.
We reused these blood samples for this research in order to avoid an additional invasive sampling.
DNA sequencing and data analysis
We sequenced DNA samples of eight, seven, and eight M. fascicularis individuals from Indonesia, peninsular Malaysia, and the Philippines, respectively (OSADA et al. 2010) . Except for one individual from Malaysia, all individuals were females. Primer pairs were designed to amplify six CDS and four IGS regions (Table S1 ). All loci were distributed across non-pseudoautosomal regions of X chromosomes. DNA fragments were amplified using PCR and directly sequenced using ABI 3730 sequencers. Potential SNPs were visually inspected using the ABI sequence analysis software.
All analyzed sequences were deposited in the public database (DDBJ/EMBL/Genbank: AB739064-AB739302). The DNA sequences were aligned using the ClustalW software implemented in MEGA5.0 (TAMURA et al. 2011; THOMPSON et al. 1994) , and population genetics summary statistics for each locus were estimated using DnaSP 5.0 (LIBRADO and ROZAS 2009). Haplotypes were estimated using the PHASE software (STEPHENS et al. 2001) . Permutation tests were performed as following; each sample was randomly assigned to each population, statistics (X/A diversity ratio) were calculated for 10,000 iterations, and observed statistics were compared with the null distribution. Male to female mutation rate ratio (α) was estimated using the following equation.
, where R is the substitution ratio on the X chromosome to autosomes (MIYATA et al. 1987) .
Inference of demography
We estimated the demography of macaques using kernel approximate Bayesian computation (kernel-ABC) (FUKUMIZU et al. 2011; NAKAGOME et al. 2012) . Kernel-ABC is a reproducing kernel Hilbert space (RKHS) based method to obtain an approximation of the posterior estimate by using summary statistics where we can handle higher-dimensional summary statistics than conventional ABC methods. The sequence data from Indonesia-Malaysian M. fascicularis (2N = 30) and Philippine M. fascicularis (2N = 18), were summarized into site frequency spectrum (SFS) and haplotype frequency spectrum (HFS). SFS and HFS were calculated for the Indonesia-Malaysian population (SFSIM and HFSIM) and for the Philippine population (SFSP and HFSP). We further transformed the histograms of SFS and HFS into a matrix of SFS (2D-SFS) and HFS (2D-HFS),
respectively. These summary statistics were measured for each locus and merged into a set of 2D-SFS and 2D-HFS across loci ( was added into the Model 1. The prior density for each parameter was given by a log-normal distribution (LN) whose variance was a square of the mean (μ): Nanc ~ LN(μ = 100000, μ 2 = 100000 2 ), NIM ~ LN(μ = 1000000, μ 2 = 1000000 2 ), NP~ LN(μ = 50000, μ 2 = 50000 2 ), TD ~ LN(μ = 50000, μ 2 = 50000 2 ), and TC ~ LN(μ = 10000, μ 2 = 10000 2 ). To attain these models in all simulations, the parameter of NIM, NP or TC was conditional on NIM > Nanc, NP < Nanc or TC < TD, respectively (see Supplementary Document). The algorithm of kernel-ABC is as follows:
1. Sample a set of parameters ( ) from the priors.
2. Simulate data ( ) using .
3. Compute the summary statistics ( ) for , and go to step 1.
4. Repeat the steps from 1 to 3 for 20,000 times. is the number of simulations) were chosen by 10-fold cross validation (FUKUMIZU et al. 2011; NAKAGOME et al. 2012 ).
All coalescent simulations were performed using the program package ms that generates samples from the coalescent model under neutrality (HUDSON 2002) . We simulated data for each locus under a set of parameters ( ), and merged summary statistics into a set of 2D-SFS and 2D-HFS across 26 IGS loci ( ). Recombination rate in each locus was assumed to follow exponential distribution whose mean was equal to 7.34×10 -9 , which was estimated from a rhesus macaque family data (DUMONT and PAYSEUR 2008; ROGERS et al. 2006) , while mutation rate was calculated from the average number of substitutions in each locus between the human (hg18) and rhesus macaque (rheMac2) genomes, assuming the divergence between human and M. fascicularis of 25 million years ago (MYA). Both of the recombination and mutation rates were scaled by four times of NIM with a sequenced genomic size of each locus and a generation time of 6 years.
Model selection by kernel-ABC
We selected a model under the kernel-ABC framework. Let obs be an observed summary statistics.
To compare two alternative models of 1 and 2 , a Bayes factor (BF) is given as , where ( obs | ) is an approximated marginal likelihood of a given model. An estimator of the approximated marginal likelihood is given by
where is a set of summary statistics for the -th simulated data, (⋅) is an indicator function, and is the total number of simulations. Assuming the equal prior probabilities for the two models, the ratio of the acceptance rate under = 1 to that under = 2 is an estimator of BF between 1 and 2 . However, if a set of summary statistics is high-dimensional or continuous, it should be hard to get samples that satisfy = obs , and hence ( obs | ) is expected to get close to 0. Therefore we utilized a kernel density estimate of the marginal likelihood .
As a criterion of the cross-validation, we utilized the cross-entropy, which measures divergence between two densities. Here, the cross-entropy of the true density and the estimated density is
However, the true density is not available. We therefore replace the expectation over the true density with the empirical distribution constructed by the test data of (− ) . Namely,
We chose 2 which minimize the average of the 10 estimates for the cross-entropy given by this scheme.
Since logarithm of the Bayes factor gives a rough approximation to Bayesian information criterion (BIC; KASS and RAFTERY 1995), aBF can be regarded as a criterion for model selection. We computed the kernel density estimate of the marginal likelihood. In order to estimate the marginal likelihoods of the models, we generated 3 million simulated samples based on the kernel-ABC algorithm from step 1 to step 4. Among these samples, 100,000 were used to standardize summary statistics and the remaining samples were used to compute kernel density estimate of the approximate marginal likelihoods.
Analysis of a resequenced individual genome
Short-read sequences of a female Vietnamese cynomolgus monkey were retrieved from the public database (SRA023856). The reads were mapped to the reference genome sequence of rhesus macaque (rheMac2) using Bowtie2 software (LANGMEAD and SALZBERG 2012) and SNPs were called using SAMtools (LI et al. 2009 ) with a mismatch tuning parameter (-C) of 50. In order to measure the density of SNPs, we only considered biallelic sites that have equal or more than 10-fold and less than 150-fold coverage, and genotyping quality scores equal or greater than 30. The number of variant sites (heterozygous sites in a sample) and invariant sites (homozygous sites in a sample)
were summed across non-overlapping bins of 1 kb according to the distance from the nearest exons.
For the first bin within 1 kb from exons, the first 100 bp were filtered out in order to reduce the effect of potential functional sequences such as splicing signals. Genome alignment data of the human and rhesus macaque were downloaded from the UCSC genome browser website (rheMac2.hg19.net.axt) and the divergent sites were binned in the same way.
Results
We sequenced 10 X-chromosomal loci in non-pseudoautosomal regions of 24 M. fascicularis individuals originating in Indonesia, Malaysia, and the Philippines. Each locus contained about 600-800 bp of DNA sequence. Six loci harbored at least one exon (CDS regions) and four loci were at least 100 kb away from any annotated exons (IGS regions). The level of polymorphism was measured at silent (synonymous and non-coding) sites.
Autosomal data were obtained from the previous study (OSADA et al. 2010) , which analyzed the same individuals using the same sequencing method. Overall, X-chromosomal loci showed lower levels of polymorphism (Table 1) ; the X/A ratio of average genetic diversity was 0.30 when all regional population data were combined. When two groups were separately analyzed, the ratio became 0.34 and 0.20 in the Indonesian-Malaysian and Philippine populations, respectively ( Figure   2 ). In all populations, the X/A diversity ratios were much lower than those reported for other primates including humans (e.g., HAMMER et al. 2008; HVILSOM et al. 2012; KEINAN et al. 2009; POOL and NIELSEN 2007) . In addition, Philippine macaques, which are thought to have originated by migration from continental populations (e.g., SMITH et al. 2007 ), showed lower X/A diversity ratio than Indonesian-Malaysian macaques. The difference between the IndonesianMalaysian and Philippine populations was statistically significant (P = 0.002; permutation test).
We further investigated the effect of natural selection on macaque X chromosomes and autosomes.
When natural selection is affecting the level of polymorphisms, the level of reduction would be different between the CDS regions and IGS regions. In the Indonesian-Malaysian population, the X/A diversity ratios in the CDS (silent sites) and IGS regions were 0.24 (0.07) and 0.50 (0.10), respectively, while in the Philippine population, the ratios were 0.14 (0.07) and 0.29 (0.10), respectively (standard errors estimated using the bootstrap resampling are shown in the parentheses; Figure 1 ). The results show that the reduction of X chromosome diversity relative to autosomal diversity is stronger in the CDS regions than in the IGS regions.
We further investigated whether the observed ratios can be explained by particular two evolutionary factors: demography and male-driven evolution. We first estimate the demography of macaques using 26 autosomal IGS data obtained in the previous study, using the kernel-ABC method. One IGS that lacked an outgroup sequence was not used for the demography estimation. The kernel-ABC method would efficiently infer past demographic parameters using high-dimensional summary statistics (NAKAGOME et al. 2012) . The previous study and our preliminary kernel-ABC analysis To select the best model, we computed the kernel density estimate of the marginal likelihood in each model and evaluated aBF among these models. As shown in Table 2 , the Model 2 with 25% population size showed the highest marginal likelihood; the aBF was 1.66 against Model 1, 1.17 against the Model 2 with 75% size, 1.49 against that with 50% size, and 11.0 against that with 10% size. We therefore adopted the Model 2 with 25% population size and used those estimated parameters for further coalescent simulations.
In order to assess the reliability of demographic inference by the kernel-ABC method, we generated samples that have similar parameter values to our estimated parameter values both for the Model 1
and Model 2 (25% population size) as well as a simpler constant population size model. Detailed procedure is described in the Supplementary Document. As shown in Table S2 , the kernel-ABC method reconstructed these demographic models reasonably well.
We also estimated mutation rate bias between X chromosomes and autosomes using divergence data between humans and macaques. In the IGS regions, the X to autosomal divergence ratio was 0.81, which corresponds to the male mutation rate bias (α) of 3.8 (see Materials and Methods). Although this value is slightly greater than the value estimated using the whole-genome sequence of rhesus macaque (α=2.7) (GIBBS et al. 2007 ), we applied our estimated value because our test becomes more conservative.
Using the estimated demographic parameters and mutation rate difference, we simulated 50,000 datasets for IGS and CDS that have the same number of loci, number of individuals, and number of sites as the real data, assuming that the effective population size on the X chromosome is 75% of that on autosomes. The X/A diversity ratios in the pseudo populations of Indonesian-Malaysian and Philippine M. fascicularis were estimated from the simulated dataset. Because recombination rate on macaque X chromosomes has been unknown, we performed simulations under two different recombination rates on the X chromosome. In the first case, the recombination rate between autosomes and the X chromosomes were set to be equal. In the second case, the recombination rate of the X chromosome was a half of that of autosomes. The observed values and simulated distributions with equal recombination rate are shown in Figure 3 . In the simulated dataset, the Philippine population showed slightly lower ratios than the Indonesian-Malaysian population both in IGS and CDS regions on average. While observed ratios in the IGS regions fell in the expected distributions, CDS regions showed significant reduction from the expected distribution in the both populations (P = 0.00028 and P = 0.00076 in Indonesian-Malaysian and Philippine population, respectively; two-tailed test), indicating that natural selection is further reducing the X/A diversity ratio in the CDS regions. Simulation results with low recombination rate on the X chromosomes were qualitatively same as the result of the first case, and the results are presented in Figure S3 .
In order to further support the evidence of stronger reduction of polymorphisms near CDS on the X chromosomes than on autosomes, we utilized a recently determined female Vietnamese M.
fascicularis genome sequence using massively parallel sequencing (YAN et al. 2011) . We mapped the short-read sequences to the rhesus macaque genome sequence and estimated the rate of heterozygous SNPs on autosomes (0.29%) and the X chromosome (0.15%), which are fairly close to the values in the previous report using a different read mapping and SNP calling pipeline (YAN et al. 2011 ). The number of SNPs between two sequenced chromosomes was summed into bins according to the distance from the nearest exons. The levels of polymorphisms were normalized using the divergence to the human genome. As shown in Figure 4 , the reduction of polymorphisms near exons was observed both on autosomes and the X chromosome. In the bins of 400-500 kb away from exons, the genome-wide X/A diversity ratio in the Vietnamese macaque was 0.61, which was similar to the level of Indonesian-Malaysian population data. Notably, the magnitude of reduction was stronger on the X chromosomes than on autosomes. The X/A diversity ratio (without normalized by divergence) in the bins within 1 kb from exons (excluding the first 100 bp from exons) to the bins 400-500 kb away from exons was 0.56 and 0.47 on autosomes and the X chromosome, respectively.
Discussion
The X/A diversity ratio in macaques was considerably lower than the values reported in humans and chimpanzees, and also lower than the previously reported ratio for rhesus macaques determined using shotgun sequencing. Among many factors that could contribute to the reduced X/A diversity ratio in macaques, we have discussed three particular factors in this paper.
First, mutation rate bias certainly contributes the reduction of X/A diversity ratio. In particular, male-driven evolution, which posits a higher mutation rate in males, potentially decreases the X/A diversity ratio (MIYATA et al. 1987) . Many molecular evolution studies have shown that the estimated mutation rate on X chromosomes is lower than that on autosomes in primates, indicating that the mutation rate in males relative to females (α) is high and certainly contributes to the observed reduction of the ratio in macaques. Previous studies estimated that the value of α ranges from 2 to 6 in primate species (GIBBS et al. 2007; MAKOVA and LI 2002; PRESGRAVES and YI 2009; TCSAA 2005) . A recent whole-genome sequencing study of human families also showed the similar level of mutation rate increase in males (KONG et al. 2012) . We estimated the mutation rate bias using the divergence data between humans and macaques and controlled the mutation rate bias using the value in the following computer simulations.
As suggested by the previous studies, population size contraction also leads the reduction of X/A diversity ratio. In order to estimate the effect of demography, we applied the kernel-ABC method under a relatively simple model using the data in the autosomal IGS regions. In particular, five different levels of population contraction in the Philippine populations were examined. We found that the strongest levels of population contraction (10% of original size) were unlikely compared with milder ones. Although four models with mild or no contraction showed statistically indistinguishable marginal likelihood values, the model with 25% of the original size showed the highest marginal likelihood and we used the model to evaluate the effect of demography. As expected, the X/A diversity ratios in the Philippine population were reduced compared with the ratios in the Indonesian-Malaysian population in the simulated dataset. Although the observed ratios were smaller than the mean of simulated distribution, they were not significantly deviated from the expected distribution in the both populations. The result indicates that the observed reduction in the IGS regions can be explained by those two factors: mutation rate bias and demography. However, we should note that the observed values were smaller than the mode of expected distribution, which implies that we might have underestimated the mutation rate bias α, that the actual demography was more complex than our model, or that there are other unknown factors contributing to the ratio. For example, male-biased founding of the Philippine populations potentially reduces the relative genetic diversity on the X chromosome and such scenario is likely considering the matrilocal nature of macaque monkeys (TOSI et al. 2003) .
In this study, we used humans as an outgroup species and polarized SFS using the information.
However, mis-infernece of ancestral state may have significant impact on our analysis, because the divergence between humans and macaques is relatively large (~6%). We repeated our analyses using the draft genome sequence of more closely related taxa, baboon (Papio anubis), as an outgroup.
Although we observed several cases of ancestral state mis-inference, we confirmed that the same model (Model 2 with 25% size) was selected as the best model and observed only slight difference in the estimated parameters. Overall conclusions of our study were not affected by the choice of the outgroup species ( Figure S4 ).
Finally, natural selection could reduce the diversity on X chromosomes more than on autosomes.
Such a process would be more effective in the genomic regions proximal to functional elements. Our observation that the X/A diversity ratio was significantly lower in CDS regions than in IGS regions agrees well with the previous observations in humans (HAMMER et al. 2010; HERNANDEZ et al. 2011 ). Despite of the small sample size, the whole-genome sequence analysis of M. fascicularis individual also displayed more reduction of genetic diversity on the X chromosome near CDS. The prediction of genetic diversity level under natural selection depends on many parameters.
Previous studies suggested that background selection affects the genetic diversity more on autosomes than on the X chromosomes when the strength of deleterious mutations are not very weak and recessive (BEGUN and WHITLEY 2000) , or sex-averaged recombination rate is higher on the X chromosome than autosomes (VICOSO and CHARLESWORTH 2009 ). However, sex-averaged recombination rates are generally lower on the X chromosomes than on autosomes in mammals (JENSEN-SEAMAN et al. 2004) and it could reduce the X/A diversity ratio in mammals under natural selection (HAMMER et al. 2010 ). In addition, theoretical studies showed that, within some range of selection coefficient, genetic diversity of linked sites could be reduced by weak purifying selection as strength of selection increases (e.g., Figure 3 in WILLIAMSON and ORIVE 2002) .
Therefore, distinguishing the model of hitchhiking by advantageous mutations and the model of background selection is difficult at this point.
We also should note that the level of reduction of X/A genetic diversity near CDS in the whole-genome sequence data is much weaker than that in our 10-locus data. Because silent sites of our CDS data contain many synonymous sites, which could be direct targets of purifying selection (LU and WU 2005) , the natural selection on the genes in our CDS data may be confounding effect of direct and indirect forces. Further studies using genome-wide pattern of polymorphisms of many individuals of non-human primates would be necessary to conclude the importance of natural selection for explaining the reduction of X chromosome diversity near CDS.
In summary, we found a significant reduction of X/A diversity ratio by resequencing 24 M.
fascicularis individuals. The stronger reduction in the derived population suggested that a demographic effect is one of the causes of the reduction. We also found evidence that natural selection is reducing the diversity on X chromosomes more than that on autosomes around CDS regions. A higher mutation rate in males than in females is another factor contributing to the decreased X/A diversity ratio in macaques. These above factors are not mutually exclusive and we conclude that they jointly produced the low X/A diversity ratio. The amount of data presented in this study is rather limited. However, genome-wide polymorphism data is still hard to obtain in non-model organisms. The framework of this study would help future studies for natural variations of non-model organisms on autosomes and sex chromosomes and reveal important biological mechanisms behind them.
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Figure legends
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